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Anisotropic spin fluctuations in the quasi one-dimensional frustrated magnet
LiCuVO4
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We report results of NMR experiments on a single crystal of the quasi one-dimensional frustrated magnet LiCuVO4.
The NMR spectra of 7Li and 51V nuclei indicate a helical spin order in a magnetic field of 4 T with the helical spin
plane perpendicular to the field and a spin-density-wave (SDW) order at 10 T with modulation in the magnitude of the
moments aligned along the field, in agreement with earlier reports. The nuclear spin-lattice relaxation rate 1/T1 at 51V
nuclei, which is selectively coupled to the transverse spin fluctuations perpendicular to the field, shows a pronounced
peak near the helical ordering temperature in the field of 4 T applied along the a-axis. In the field of 10 T, however,
such a peak is absent. Instead 1/T1 at 7Li nuclei probing longitudinal spin fluctuations shows divergent behavior towards
the SDW ordering temperature. These results are qualitatively consistent with the theoretical description that the SDW
correlation is due to bound magnon pairs, which produce an energy gap in the transverse spin excitation spectrum.
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1. Introduction
Frustrating interactions and quantum fluctuations in low di-
mensional spin systems prevent conventional magnetic order
and can lead to exotic ground states such as spin-liquids,1)
valence bond crystals,1, 2) spin-nematic, or more generally,
spin-multipolar ordered states.3–8) In magnetic fields, where
the Zeeman interaction tends to align the spins and competes
with quantum fluctuations and frustration, novel phases such
as magnetization plateaus9–11) are expected in the magnetiza-
tion process.
In this respect, one-dimensional (1D) spin 1/2 systems with
the ferromagnetic nearest neighbor interaction J1 frustrating
with the antiferromagnetic next-nearest neighbor interaction
J2 in a magnetic field h
H = J1
∑
l
sl · sl+1 + J2
∑
l
sl · sl+2 − h
∑
l
szl (1)
provide a particularly interesting example,which has been ex-
tensively studied in recent theories.6–8, 12–17) The ground state
of this model for classical spin chains has a helical magnetic
order at zero magnetic field, which is destabilized by quan-
tum fluctuations for spin 1/2. In finite fields, however, helical
spin correlation in quantum systems leads to a long-range or-
der of the vector-chirality defined as κl(n) = sl × sl+n, (n = 1 or
2). As the field increases, dominant spin correlation changes
due to formation of bound states of two or more magnons.
This leads to a quasi-long-range order of a spin-density-wave
(SDW) correlation 〈szi szj〉−〈szi 〉〈szj〉 along the field (z) direction
or a bond nematic correlation 〈s+i s+i+1 s−j s−j+1〉 perpendicular to
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the field.
The quasi-long-range order in pure 1D systems can turn
into a true long range order in real materials with interchain
interactions. A large number of cuprate materials containing
frustrated J1-J2 chains have been known to date, of which the
best studied example is LiCuVO4.18–30) It has an orthorhom-
bic crystal structure with the space group Imma18) as shown
in Fig. 1(a) and contains chains of Cu2+ (spin 1/2) formed by
edge-sharing CuO4 plaquettes. In this geometry, the nearest
neighbor Cu ions are coupled by two Cu-O-Cu bonds with
approximately 90◦ bond angle, leading to a ferromagnetic
interaction. In addition, a sizable antiferromagnetic superex-
change is expected between the next-nearest neighbor Cu ions
through two Cu-O-O-Cu paths. There are two such chains in
an unit cell extending along the b-axis separated by (a+ c)/2.
At zero field, LiCuVO4 shows an incommensurate helical
magnetic order below TN = 2.1 K with the magnetic scatter-
ing vector Q0 = 2pi(1, 0.468, 0) and magnetic moments lying
in the ab-plane.19) Previous NMR20–22) and neutron diffrac-
tion experiments23–25) revealed that the spin structure changes
with magnetic field H. A spin flop transition occurs at H =
2.5 T, flipping the moments into the plane perpendicular to
the field. Above 7 T a longitudinal SDW order is observed,
where the moments are aligned parallel to the field with their
magnitudes modulated along the chains. Furthermore, a mag-
netization curve shows an abrupt change of slope at 41 T (for
H ‖ c) slightly below the saturation field of 45 T.26) This may
be a signature for a nematic order that breaks the spin rota-
tional symmetry by spontaneous development of anisotropic
spin correlation but preserves the time reversal symmetry. The
exchange parameters were proposed as J1 = −18.5 K and
J2 = 44 K based on the analysis of the spin wave dispersion
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at zero field.27) However, they disagree strongly with the val-
ues J1 = −182 K and J2 = 91 K estimated by fitting the
magnetic susceptibility data31) and controversy still remains.
Theories have proposed that the key element behind the
SDW correlation in the model of Eq. (1) as well as in
LiCuVO4 is the bound state of magnon pairs stabilized by fer-
romagnetic J1.13–15) This has direct consequences on the mag-
netization process, i.e. the magnetization changes by a step of
∆sz = 2, and on the relation between the SDW wave vector
and the magnetization as was confirmed by neutron diffrac-
tion experiments on LiCuVO4.24, 25) Furthermore, the low en-
ergy spin dynamics is fundamentally changed. At low fields,
incommensurate transverse spin fluctuations are the dominant
low energy excitations, leading to the helical order. At higher
fields, however, an energy gap due to bound magnon pairs
develops in the transverse spin excitations and makes the lon-
gitudinal fluctuations dominant, leading to the SDW order.
Direct observation of spin dynamics is thus important for
microscopic understanding of the field-induced phase transi-
tions in quasi 1D frustrated magnets. To our knowledge, how-
ever, systematic measurements of spin dynamics as a function
of magnetic field has not been reported yet. The nuclear spin-
lattice relaxation rate 1/T1 measured by nuclear magnetic res-
onance (NMR) experiments is a particularly powerful probe
for such a purpose. Indeed, theories have made specific pre-
dictions on temperature and field dependences of 1/T1 for the
model in Eq. (1).16, 17) In this paper, we report results of 7Li
and 51V NMR experiments on a single crystal of LiCuVO4.
The paper is organized as follows. Experimental details on
sample synthesis and NMR measurements are described in
Section 2. The 7Li and 51V NMR spectra in the paramag-
netic, helical and SDW phases are presented in Section 3.
The NMR spectra agree with the earlier results by Bu¨ttgen
et al.20, 21) Here we describe how one can deduce the spin
structure from NMR spectra based on symmetry properties
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Fig. 1. (Color Online) (a) The crystal structure of LiCuVO4 . The Cu and
O ions form frustrated chains along the b-axis. The Li and V ions occupy the
center of octahedra (yellow) and tetrahedra (green), respectively. The arrows
illustrate the spin structure in the SDW phase for H ‖ c. (b) Local site sym-
metry of the Li and V sites. For both sites, four nearest neighbor Cu ions are
related each other by the symmetry operations (twofold rotation C2 or mirror
operations σµν), that leave the nuclear site unchanged.
of hyperfine coupling tensors. In Section 4, we discuss the
anisotropic spin fluctuations based on temperature and field
dependences of 1/T1. First we present analysis of hyperfine
form factors, which indicate that transverse spin fluctuations
can be effectively probed by 51V nuclei, while longitudinal
fluctuations are better probed by 7Li nuclei. At H = 4 T, where
the ground state has a helical order, the transverse fluctuations
are dominant, making 1/T1 at V sites diverge towards TN . On
the other hand, at H = 10 T, where the ground state has a SDW
order, contribution from the transverse fluctuations to 1/T1
at V sites decreases with decreasing temperature without any
anomaly at TN . Instead 1/T1 at Li sites shows a pronounced
peak at 1/T1 due to the longitudinal fluctuations. These results
are qualitatively consistent with the theoretical predictions.17)
Conclusions are presented in Section 5.
2. Experiments
Single crystals of LiCuVO4 were grown by a flux method
using LiCuVO4, LiVO3 and LiCl as starting materials.28, 29)
Powder samples of LiCuVO4 and LiVO3 were synthesized by
solid-state reaction: Li2CO3 (5N), V2O5 (4N) and CuO (5N)
were mixed in a stoichiometric ratio, pelletized and then sin-
tered at 550 ◦C for 96 -144 hours with an intermediate grind-
ing. For growth of single crystals, LiCuVO4, LiVO3 and LiCl
(4N) were mixed in a molar ratio of 0.25 : 0.40 : 0.35. The
mixture was melt at 600 ◦C and then slowly cooled down to
500 ◦C in 100 hours. Single crystals were separated from the
solidified melt by washing the melt in hot water. Crashed pow-
ders of single crystals were confirmed to be in a single phase
by powder X-ray diffraction measurements. Crystal axes were
determined by using an imaging plate diffractometer in a os-
cillation mode. The magnetic susceptibility was measured by
a SQUID magnetometer in a magnetic field of 4 T.
NMR measurements for 7Li and 51V nuclei were performed
on a single crystal with the size 1.0 × 1.2 × 0.5 mm3 using the
spin echo technique. The Li atoms occupy the 4d sites located
at the center of the octahedra connecting two CuO2 chains
displaced by (a + c) /2. The V atoms occupy the 4e sites at
the center of the tetrahedra connecting two chains displaced
by a. The local symmetries of these sites are also shown in
Fig. 1(b). In the paramagnetic state above 6 K, NMR spectra
of both 7Li and 51V nuclei were obtained by Fourier trans-
forming the spin echo signals at a single rf-frequency. The
fundamental parameters of 7Li and 51V nuclei, the nuclear
spin I, the gyromagnetic ratio γN , and the nuclear quadrupole
moment Q, are listed in Table I.
Typical NMR spectra in the paramagnetic state are shown
in Fig. 2(b). When the magnetic field is applied along the crys-
talline a-, b- or c-axis, all Li or V atoms become equivalent.
The NMR spectra then consist of seven peaks for 51V and
three peaks for 7Li, which are split by the nuclear quadrupole
interaction. The quadrupole splitting ναα (α = a, b, or c), that
is the interval between neighboring peaks, is related to the di-
agonal components of the electric field gradient (EFG) tensor
2
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Fig. 2. (Color Online) (a) The K-χ plots for 7Li (red circles) and 51V (blue
squares) nuclei. The diagonal components of the hyperfine coupling tensors
determined by fitting the K-χ plots to Eq. (8) are listed in Table II. (b) Typical
7Li and 51V NMR spectra in the paramagnetic state. The magnetic shift K is
determined from the central peak of the quadrupole split spectra indicated by
the arrows, except that the shift of 7Li nuclei for H ‖ c is determined from
the center of gravity of the whole spectra.
Vαα as
ναα =
3eQVαα
2I(2I − 1)h , (2)
where h is the Planck constant. The values of ναα are listed in
Table I. For the V sites, the crystalline a-, b- and c-axes are
the principal axes of the EFG tensor, therefore, the quadrupole
splitting takes extremal (minimum or maximum) values along
these direction. This situation allows us to precisely orient the
crystal in the magnetic field by using a double-axis goniome-
ter. For the Li sites, while the b-axis is one of the principal
axes of EFG, the directions of two other principal axes in
the ac-plane remain unknown. Magnetic shifts of 7Li and 51V
nuclei were determined from the peak frequency of the cen-
tral line except for 7Li with H ‖ c, where the magnetic shift
was determined from the center of gravity of the whole spec-
tra since the quadrupole splitting is too small to be resolved
clearly.
Below 6 K, the NMR spectra of both 7Li and 51V nu-
clei become so broad that rf-pulses at a single frequency
do not provide sufficient band width. The 51V spectra were
then obtained by sweeping the magnetic field with a fixed rf-
frequency and the spin-echo intensity was recorded as a func-
tion of the magnetic field. The 7Li spectra, on the other hand,
were obtained by summing the Fourier transform of the spin
echo signal obtained at different frequencies with a fixed mag-
netic field.
The inversion-recovery method was used for the measure-
ment of 1/T1. We determined 1/T1 by fitting the spin-echo
intensity M(t) as a function of the time t after the inversion
Table I. Fundamental properties and the quadrupole splitting for 7Li and
51V nuclei. Underlines indicate that they correspond to the principal values
of the electric field gradient tensor.
nuclei I γ/(2pi) Q νaa νbb νcc
(MHz/T) (10−24 cm2) (MHz) (MHz) (MHz)
7Li 3/2 16.5468 -4.0 0.0290 0.0219 < 0.01
51V 7/2 11.1988 -5.2 0.0160 0.0879 0.0715
pulse to a single or stretched exponential recovery function
M(t) = Meq − M0 exp
{
−(t/T1)β
}
, (3)
where β is the stretch exponent that provides a measure of
inhomogeneous distribution of 1/T1. When β = 1 Eq. (3) re-
duces to a single exponential function corresponding to ho-
mogeneous relaxation. Near or below TN , 1/T1 was measured
at the center of the broad NMR spectra.
3. NMR spectra
3.1 Paramagnetic state
The magnetic shifts K for 7Li and 51V nuclei in the para-
magnetic state were measured as a function of temperature in
the magnetic field of 4 T. The magnetic shift K is defined as
the difference between the local magnetic field Hloc acting on
a nucleus and the external magnetic field Hext normalized by
Hext,
K(T ) = Hloc − Hext
Hext
. (4)
The value of K is experimentally determined by substituting
Hloc = ω/γN for Eq. (4), where ω is a resonance frequency
and γN is a nuclear gyromagnetic ratio.
The local magnetic field Hloc is given by the sum of the ex-
ternal field Hext, the Lorentz field HLoz, the demagnetization
field Hdem, and the hyperfine field Hhf produced by electronic
moments as
Hloc = Hext + HLoz + Hdem + Hhf
HLoz =
4
3pi
M
NAv
Hdem = −4piN · MNAv
Hhf =
1
NAµB
(Ctr + Cdip) · M,
(5)
where N is a demagnetization tensor, M is magnetization
per mole, NA is the Avogadro number, µB is the Bohr mag-
netron and v is volume per formula unit. Ctr and Cdip are the
hyperfine coupling tensors due to transferred hyperfine and
dipolar interactions, respectively. In the paramagnetic state,
M = χ · Hext, where χ is the susceptibility tensor. Therefore,
Hloc − Hext = K · Hext, (6)
3
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where the shift tensor K is given by
K = 1
NAµB
{
4
3pi
µB
v
(1 − 3N) + Ctr + Cdip
}
· χ. (7)
The value of the shift defined in Eq. (4) under the field
along the i-axis (i = a, b, c) is given by the diagonal com-
ponent Kii of the shift tensor in Eq. (6). Since χ is diagonal in
the coordinate system of crystalline axes, we obtain
Kii(T ) = CiiNAµBχii(T )
Cii =
4
3pi
µB
v
(1 − 3Nii) +Ctrii +Cdipii ,
(8)
where Nii, Ctrii , C
dip
ii are the diagonal components of N, Ctr and
Cdip, respectively. Here, Cii can be experimentally determined
by measuring both the magnetic shift Kii and the magnetic
susceptibility χii.
Figure 2(a) shows the K − χ plots for 7Li and 51V nuclei
with linear fits indicated by the solid lines. The slope deter-
mines the values of Cii and the intersection is related to the
temperature-independent van Vleck (orbital) contribution to
K and χ. The values of Cii are listed in Table II. We also
show the values of Cdipii obtained by the lattice-sum calcula-
tion. While Cii for 51V is an order of magnitude larger than
Cdipii , indicating that the dominant contribution comes from the
transferred hyperfine couping Ctrii , this is not the case for 7Li.
In order to determine Ctrii , we subtract contributions from the
demagnetization and dipolar fields from the experimental val-
ues of Cii. The diagonal components of the demagnetization
tensor Nii are estimated by approximating the sample shape
with a spheroid.32) In Table II, we also show
Ctrii = Cii −
4
3pi
µB
v
(1 − 3Nii) −Cdipii . (9)
The Ctrii for
7Li nuclei is much smaller than Cdipii and should be
neglected, considering the errors involved in the estimation of
Nii. Therefore, we conclude that only dipolar interactions con-
tribute to the coupling tensor of 7Li nuclei. This is reasonable
since light elements such as Li usually have small covalency
with magnetic ions. For 51V nuclei, Ctrii is much larger than
Cdipii for all directions, which ensures that the dominant source
of hyperfine field is the short ranged transferred hyperfine in-
teractions.
3.2 Helical state
NMR spectra of 7Li and 51V nuclei in the magnetic field
of 4 T are shown as black solid curves in Fig. 3(a-c) and (d-f)
at various temperatures. Here the frequency-swept 7Li spectra
and the field-swept 51V spectra are converted as a function of
the hyperfine field by the following relation,
Hhf ∼ Hloc − Hext = ω
γN
− Hext. (10)
At both sites, a sharp single NMR line at high temperatures
changes to broad spectra at low temperatures, indicating a
magnetic ordering transition near 2 K. The change of the
NMR spectral shape is particularly pronounced at the 7Li
sites. The spectra at low temperatures have a clear double-
horn type line shape, which is characteristic of an incommen-
surate helical or SDW order. The transition temperatures are
indicated by the vertical bars in Fig. 3(a-f) denoted TN , at
which the 7Li line shape changes most rapidly. They agree
with those determined in the previous NMR measurement.20)
From the previous NMR and neutron diffraction experi-
ments, a helical spin structure was concluded where magnetic
moments lie perpendicular to the magnetic field.20, 23, 24) Mag-
nitude of the magnetic moment and the ordering wave vector
are determined by the neutron experiments as µ = 0.31µB and
Q0 = 2pi(1, 0.468, 0).23, 24) In this section, we analyze details
of the NMR spectra based on the local symmetry of the prob-
ing nuclei.33)
3.2.1 7Li nuclei
We now discuss how one can understand line shapes of the
NMR line shape qualitatively from the symmetry of the hy-
perfine interaction. Figure 1(b) shows the configuration of Cu
spins around one Li nucleus. The hyperfine field Hhf at a 7Li
nucleus produced by the surrounding electron spins S(ri) lo-
cated at the Cu site ri can be expressed as
Hhf =
∑
i
A(ri) · g · S(ri), (11)
where A(ri) is the hyperfine coupling tensor between the nu-
cleus and S(ri). The g is the g tensor
g =

gaa 0 0
0 gbb 0
0 0 gcc
 . (12)
Using the Fourier components of the coupling tensor and the
electron spins
A(q) =
∑
i
A(ri)eiq·ri , S(q) = 1√
N
∑
i
S(ri)e−iq·ri , (13)
Table II. Cii: the diagonal components of the hyperfine coupling tensors
obtained from the K-χ plots and Eq. (8). Cdipii : the dipolar coupling calculated
by lattice sum within a sphere with the radius of 60 Å. Ctrii : the contribution
from the transferred hyperfine interactions estimated from Eq. (9). A(1)ii : The
hyperfine coupling to a nearest neighbors spin including both the transferred
hyperfine and the dipolar contributions.
7Li
i Cii (T/µB) Cdipii (T/µB) Ctrii (T/µB)
a -0.035(1) -0.035 0.008
b -0.009(0) -0.032 -0.002
c 0.037(1) 0.067 0.003
51V
i Cii (T/µB) Cdipii (T/µB) Ctrii (T/µB) A(1)ii (T/µB)
a 0.432(3) 0.063 0.360 0.119
b 0.688(3) -0.043 0.707 0.166
c 0.533(5) -0.020 0.586 0.129
4
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Fig. 3. (Color Online) Frequency-swept NMR spectra of 7Li nuclei for (a) H ‖ a, (b) H ‖ b, (c) H ‖ c and field-swept NMR spectra of 51V nuclei for (d)
H ‖ a, (e) H ‖ b and (f) H ‖ c in the magnetic field near 4 T. The precise values of the fixed magnetic field are indicated in Fig. (a-c). The field values in
the parenthesis in Fig. (d-f) correspond to the origin of the hyperfine field ω/γN . The vertical bars represent uncertainty of TN . The red dashed curves are
simulated spectra for the helical phase where magnetic moments aligned perpendicular to the magnetic field. The red solid curves in the left side of the figures
show the Gaussian line shape used for convolution to simulated NMR spectra.
the hyperfine field is rewritten as
Hhf =
1√
N
∑
q
A(q) · g · S(q), (14)
where N is the number of Cu spins in the system.
Let us first consider the coupling tensor A(1)(ri) (i = 1 −
4) between the 7Li nucleus and the four nearest neighbor Cu
spins shown in Fig. 1(b). We write A(1)(r1), the coupling to
the spin on Cu1, as
A(1)(r1) =

A(1)aa A(1)ab A
(1)
ac
A(1)ba A
(1)
bb A
(1)
bc
A(1)ca A(1)cb A
(1)
cc
 . (15)
The coupling tensors to other spins A(1)(ri) (i = 2, 3, 4) can
be derived by applying symmetry operations that leave the Li
site invariant. For example, the Li site is on the mirror plane
perpendicular to the b-axis. Since the Cu1 site is transformed
to Cu2 by the reflection with respect to this plane, A(1)(r2) is
given by
A(1)(r2) =

A(1)aa −A(1)ab A(1)ac
−A(1)ba A(1)bb −A(1)bc
A(1)ca −A(1)cb A(1)cc
 . (16)
Similarly, by considering a twofold rotation with respect to
the b-axis, which transforms Cu1 to Cu3 and Cu2 to Cu4, we
obtain A(1)(r3) = A(1)(r2) and A(1)(r4) = A(1)(r2). Therefore,
the contribution from the four nearest neighbor spins to the
Fourier components of the coupling tensor is expressed as
A(q) ∼
4∑
i=1
A(1)(ri)eiq·ri
=

A(1)aaΘ(1)1 (q) A(1)abΘ(1)2 (q) A(1)acΘ(1)1 (q)
A(1)baΘ
(1)
2 (q) A(1)bbΘ(1)1 (q) A(1)bcΘ(1)2 (q)
A(1)ca Θ(1)1 (q) A(1)cb Θ(1)2 (q) A(1)cc Θ(1)1 (q)
 ,
(17)
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where the phase factors Θ(1)1 (q), Θ(1)2 (q) are defined as
Θ
(1)
1 (q) = 4 cos
(qaa − qcc
4
)
cos
(
qbb
4
)
Θ
(1)
2 (q) = 4 sin
(qaa − qcc
4
)
sin
(
qbb
4
)
.
(18)
In the paramagnetic state the moments are uniform and its
Fourier component is given as 〈S(q)〉 = √N〈S0〉δ(q). Then
from Eqs. (14), (17), and (18), we obtain
〈Hhf〉 = 4

A(1)aa 0 A(1)ac
0 A(1)bb 0
A(1)ca 0 A(1)cc
 · g · 〈S0〉. (19)
The contribution from the second and further neighbor spins
can be added in a straight forward way since one 7Li nu-
cleus always has four n-th neighbor spins at an equal dis-
tance, which are related by the same symmetry operations.
The contribution from distant spins can be included by re-
placing A(1)ii (i = a, b, c) in Eq. (19) with
∑
n A
(n)
ii , where A(n) is
the hyperfine coupling tensor to the n-th neighbor sites. The
K − χ linear relation is obtained by rewriting 〈S 0〉 in Eq. (19)
by the susceptibility as χ = NgµB〈S 0〉/Hext. From Eq. (8), we
obtain
Ctri +C
dip
i = 4
∑
n
A(n)ii (i = a, b, c). (20)
Similar discussion can be applied to the helically ordered
phase with the magnetic wave vector Q0. The Fourier compo-
nents of spins in the helical phase (and also in the SDW phase)
are described as 〈S(q)〉 = √N(〈SQ〉δ(q−Q0)+〈SQ〉∗δ(q+Q0)).
One 7Li nucleus has four nearest neighbor Cu spins located
on two chains separated by (a + c)/2, which are antiferro-
magnetically coupled, 〈S1〉 = −〈S3〉, 〈S2〉 = −〈S4〉, since
Q0a = 2pi. Therefore, one of the phase factor is canceled out,
Θ
(1)
1 (Q0) = 0, and the hyperfine field is expressed as
〈Hhf〉 =

0 A(1)
abΘ
(1)
2 (Q0) 0
A(1)baΘ
(1)
2 (Q0) 0 A(1)bc Θ(1)2 (Q0)
0 A(1)
cbΘ
(1)
2 (Q0) 0
·g·〈SQ〉.
(21)
This selection rule obtained from symmetry properties does
not change by taking into account contribution from dis-
tant spins. Here we can consider contribution from four n-
th neighbor Cu spins (n ≥ 2) and define the phase factors
Θ
(n)
i (i = 1, 2) in a similar manner. For example, for the second
neighbor spins we have
Θ
(2)
1 (q) = 4 cos
(
3qaa + qcc
4
)
cos
(
qbb
4
)
Θ
(2)
2 (q) = 4 sin
(
3qaa + qcc
4
)
sin
(
qbb
4
)
.
(22)
Since antiferromagnetic coupling between two neighboring
CuO2 chains leads to the cancellation Θ(2)1 (Q0) = 0, the hy-
perfine field from the second neighbors has the same selection
rule as Eq. (21).
The result in Eq. (21) indicates that the a-component of
the ordered moment produces a hyperfine field along the b-
direction. Likewise, the b- and c-components of the ordered
moment produce hyperfine fields in the ac-plane and along
the b-direction, respectively. Since the external field is much
larger than the hyperfine field (Hext ≫ Hhf), only the compo-
nent of Hhf parallel to Hext affects the NMR line shape. The
double-horn line shape of the 7Li NMR spectra for H ‖ a at
low temperatures shown in Fig. 3(a), therefore, indicates that
the b-component of the ordered moments must have incom-
mensurate modulation. Similarly, the double-horn spectra for
H ‖ b and H ‖ c must be caused by incommensurate modu-
lation of the spins in the ac-plane and along the b-direction,
respectively. All these observations are consistent with a heli-
cal order within the plane perpendicular to the field at 4 T as
concluded from previous experiments.20, 23, 24)
In order to estimate the magnitude of the helical order, we
performed simulation of the 7Li NMR spectra as follows. First
a histogram of hyperfine field was constructed by calculating
the dipolar field from helically ordered spins lying in the plane
perpendicular to the field within a sphere with the radius of
20 Å. The histogram is then convoluted with a Gaussian rep-
resenting broadening due to various imperfections. The simu-
lated curves are shown by the red dashed lines and the Gaus-
sian is indicated by the red solid lines in Fig. 3(a-c). The simu-
lated curves reproduce the observed spectra at the lowest tem-
peratures quite well. The magnitude of the helical moment is
estimated as 0.25 µB (H ‖ a) and 0.34 µB (H ‖ b and H ‖ c),
indicating small spin anisotropy.
3.2.2 51V nuclei
Now we discuss the 51V NMR spectra at 4 T. The config-
uration of nearest neighbor Cu spins around a V nucleus is
illustrated in Fig. 1(b). We use the same definition Eq. (15)
for the hyperfine coupling tensor A(1)(r1) between the 51V
nucleus and the spin at Cu1 site. By considering the mirror
operation with respect to the ac-plane, which transforms Cu1
to Cu2, we obtain
A(1)(r2) =

A(1)aa −A(1)ab A(1)ac
−A(1)ba A(1)bb −A(1)bc
A(1)ca −A(1)cb A(1)cc
 . (23)
The mirror operation with respect to the bc-plane or the
twofold rotation around the c-axis lead to the following form
of the hyperfine coupling to Cu3 and Cu4,
A(1)(r3) =

A(1)aa −A(1)ab −A(1)ac
−A(1)ba A(1)bb A(1)bc
−A(1)ca A(1)cb A(1)cc
 ,
A(1)(r4) =

A(1)aa A(1)ab −A(1)ac
A(1)ba A
(1)
bb −A(1)bc
−A(1)ca −A(1)cb A(1)cc
 ,
(24)
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respectively. The Fourier transform of the coupling tensor is
then written as
A(q) ∼
4∑
i=1
A(1)(ri)eiq·ri
=

A(1)aa θ(1)1 (q) A(1)ab θ(1)2 (q) A(1)ac θ(1)3 (q)
A(1)ba θ
(1)
2 (q) A(1)bb θ(1)1 (q) A(1)bc θ(1)4 (q)
A(1)ca θ(1)3 (q) A(1)cb θ(1)4 (q) A(1)cc θ(1)1 (q)
 .
(25)
Here we define the phase factors θ(1)i (q) (i = 1, 2, 3, 4) as
θ
(1)
1 (q) = 4 cos
(qaa
2
)
cos
(
qbb
4
)
θ
(1)
2 (q) = 4 sin
(qaa
2
)
sin
(
qbb
4
)
θ
(1)
3 (q) = 4i sin
(qaa
2
)
cos
(
qbb
4
)
θ
(1)
4 (q) = 4i cos
(qaa
2
)
sin
(
qbb
4
)
.
(26)
Similar to the case of 7Li, it is straightforward to include the
dipolar fields from second and further neighbor spins. In the
paramagnetic state, only the diagonal components of Eq. (25)
are non-zero. The diagonal components ∑n A(n)ii and the slope
of the K − χ plots Ci/NµB are related by Eq. (20).
In the helically ordered state, the magnetic wave vector
in the ordered phase is again defined as Q0. One 51V nu-
cleus has four nearest neighbor Cu spins located on two
chains separated by a, which are ferromagnetically coupled,
(〈S1〉 = 〈S3〉, 〈S2〉 = 〈S4〉). This leads to the cancellation of
the phase factors, θ(1)2 (Q0) = θ(1)3 (Q0) = 0. The hyperfine
field at 51V nuclei is obtained by substituting Eq. (25) and
〈S(q)〉 = √N(〈SQ〉δ(q − Q0) + 〈SQ〉∗δ(q + Q0)) into Eq. (14)
as
〈Hhf〉 =

A(1)aa θ(1)1 (Q0) 0 0
0 A(1)bb θ
(1)
1 (Q0) A(1)bc θ(1)4 (Q0)
0 A(1)
cb θ
(1)
4 (Q0) A(1)cc θ(1)1 (Q0)
 · g · 〈SQ〉.
(27)
This selection rule derived from symmetry properties does not
change by including contribution from further neighbor spins,
similar to the case of 7Li nuclei.
Equation (27) indicates that for H ‖ a, only the a-
component of the ordered moment affects the 51V NMR spec-
trum. Therefore, a helical order perpendicular to the field
should not cause broadening of the NMR line. The experi-
mental 51V NMR spectrum for H ‖ a shown in Fig. 3(d) ex-
hibits a Gaussian-like shape at the lowest temperature, which
is much broader than the spectrum at 6 K. This broaden-
ing cannot be due to incommensurate modulation of the a-
component, since such modulation should result in a well de-
fined double horn structure. The absence of modulation of the
a-component revealed by 51V NMR and its presence for the
b-component indicated by 7Li NMR uniquely point to a heli-
cal order at 4 T. The Gaussian broadening in the experimental
spectrum suggests certain randomness in the interchain order,
which results in incomplete cancellation of the phase factors.
This is likely to be caused by some disorder such as deficien-
cies of 7Li ions. Furthermore, Fig. 3(d) shows interesting be-
havior near TN that the spectrum has a flat topped line shape
resembling a double horn structure and is broader than the
spectrum at the lowest temperature. This indicates that the
interchain correlation near TN is weaker compared with the
correlation well below TN .
For H ‖ b and H ‖ c, broadening of the NMR spectrum can
be caused not only by modulation of the longitudinal (parallel
to the field) component but also by modulation of the trans-
verse (perpendicular to the field) component due to finite off-
diagonal element in Eq. (27). Since anisotropy of magnetic
interactions is expected to be small for a spin 1/2 system, it is
reasonable to assume a helical order for H ‖ b and for H ‖ c.
The double horn spectrum for H ‖ b (Fig. 3e) should then be
ascribed to the modulation of the c-component of the moment.
We have performed simulation of the 51V NMR spectrum as-
suming the helical structure with the same magnitude of mo-
ment estimated from the analysis of the 7Li spectra, 0.25 µB
for H ‖ a and 0.34 µB for H ‖ b, c. In the simulation, both
the transferred hyperfine field from the nearest neighbor spins
and the dipolar field from all spins within a sphere with the
radius of 20 Å are taken into account, using the off-diagonal
component A(1)bc of the transferred hyperfine coupling tensor as
a adjustable parameter. The best results are shown by the red
dashed curves in Fig. 3(e,f). The Gaussian line shape used for
the convolution are also shown by the red solid curves. The
off-diagonal component is estimated to be A(1)bc = 0.12 ± 0.02
T/µB. In this analysis, the 51V spectra for H ‖ b and H ‖ c
should have nearly identical line shape. However, the exper-
imental spectra are different: a clear double horn structure is
observed only for H ‖ b. The difference cannot be explained
by incomplete interchain ordering and the reason is still not
understood.
Concluding this subsection, analysis of the 7Li NMR spec-
tra at 4 T has lead us to conclude an incommensurate order
with transverse spin modulation for all field direction. The
51V NMR spectra for H ‖ a has provided further constraint
that the longitudinal component does not show incommensu-
rate modulation, pointing uniquely to a helical order. Our con-
clusion is consistent with the results of the previous neutron
diffraction and NMR experiments.20, 23, 24)
3.3 SDW state
NMR spectra in the magnetic field of 10 T are shown in
Fig. 4. The magnetic transition temperature TN is determined
by inspecting the change of the 51V NMR line shape from
a double-horn structure below TN to a single-peak structure
above TN . The values of TN at 10 T thus determined are
slightly lower than those reported by previous NMR study.22)
A collinear SDW order has been concluded by the previ-
ous NMR20–22) and neutron diffraction experiments.24, 25) The
magnetic structure for H ‖ c is illustrated by the arrows
in Fig. 1(a). Longitudinal spin component has incommensu-
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Fig. 4. (Color Online) Frequency-swept NMR spectra of 7Li nuclei for (a) H ‖ a, (b) H ‖ b, (c) H ‖ c and field-swept NMR spectra of 51V nuclei for (d)
H ‖ a, (e) H ‖ b and (f) H ‖ c in the magnetic field near 10 T. The precise values of the fixed magnetic field are indicated in Fig. (a-c). The field values
in the parenthesis in Fig. (d-f) correspond to the origin of the hyperfine field, H0 = ω/γN . Vertical bars denote uncertainties of TN . The red dashed curves
are simulated spectra for the SDW phase with the moments aligned parallel to a magnetic field. Short range interchain correlation modeled by a Gaussian
distribution of the relative phase of SDW between two layers along the c-direction is considered in the simulation. The red solid lines in the left side of the
figures show the Gaussian used for the convolution to simulate the spectra.
rate modulation along the chain, while the transverse compo-
nents do not exhibit any ordering. Spins on neighboring CuO2
chains are coupled antiferromagnetically in the SDW phase
as well as in the helical phase. The previous studies suggested
that interchain correlation is weak and only short range corre-
lation develops along the c-direction.22, 25)
3.3.1 7Li nuclei
We apply the same analysis as have been done in the
helical phase to the NMR spectra in the SDW phase. The
magnetic wave vector in the SDW phase is described as
Q0 = 2pi(1, qb, 0), where qb decreases as the magnetization
increases.24, 25) We can use the same form of the hyperfine
coupling tensor in Eq. (21) at 10 T since spin chains order an-
tiferromagnetically (Q0a = 2pi) in both the helical and SDW
phases. For example, only the b-component of spins influ-
ences the 7Li line shape for H ‖ a. The 7Li NMR spectra
in Fig. 4(a) show a single-peaked structure with no shift nor
broadening down to the lowest temperature. Therefore, we
conclude that the b-component of the ordered moment is zero.
The NMR spectra for H ‖ b and H ‖ c shown in Fig. 4(b) and
(c) also have a single peaked structure at low temperatures,
indicating the absence of the transverse spin components con-
sistent with the SDW order. However, the spectra for H ‖ b
and H ‖ c are much broader than the spectrum for H ‖ a
below TN .
The broad line shape of the spectra for H ‖ b and H ‖ c can
be explained by short range interchain correlation along the
c-direction. The red dashed curves in Fig. 4 show simulated
spectra for the SDW state with incomplete interchain order-
ing, which is obtained as follows. We first assume complete
ferromagnetic correlation for two chains neighboring along
the a-directions. The magnitude of the SDW modulation is de-
termined from the 51V NMR spectra as described below. The
short range correlation is modeled by a Gaussian distribution
in the relative phase of the SDW order for the two neighboring
layers displaced by c/2. The experimental line shape is well
explained by this model when the standard deviation of this
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phase distribution is 2pi × 0.16. This phase randomness cor-
responds to the spin correlation length equal to the unit cell
length along the c-direction. Our analysis is consistent with
the observation reported in the earlier NMR and neutron ex-
periments.22, 25)
3.3.2 51V nuclei
The 51V NMR spectra at 10 T shown in Fig. 4(d-f) exhibit
well defined double horn structure. We can apply the same
analysis as was done for the spectra at 4 T. The hyperfine field
is expressed again by Eq. (27). Since only the a-component
of the ordered moment affects the spectra for H ‖ a, the
double-horn line shape for H ‖ a indicates the modulation
of the longitudinal component. For H ‖ b and H ‖ c, both
the transverse and longitudinal spin components contribute to
the broadening. However, the transverse modulation has been
already ruled out from the analysis of the 7Li NMR spectra.
Therefore, our results uniquely point to the incommensurate
SDW order with longitudinal modulation for all field direc-
tions.
Simulated NMR spectra in the SDW phase are shown by
the red dashed curves in Fig. 4(d-f). These are obtained by
convolving the calculated histogram of the hyperfine field
with a Gaussian broadening functions, which are shown by
the red solid curves. We have succeeded to reproduce the
experimental spectra at the lowest temperature quite well
by assuming the following spin structure, Ma = (0.10 +
0.45 sin qb) µB, Mb = (0.11+0.48 sin qb) µB and Mc = (0.14+
0.62 sin qb) µB, for H ‖ a, H ‖ b and H ‖ c, respectively. The
anisotropy in the magnitude of the SDW modulation agrees
with the anisotropy of the g - factor (gcc > gbb > gaa).30)
The width of the Gaussians is nearly same as the width of the
spectra at 6 K. This width, however, is broader that the overall
quadrupole splitting, indicating that it is dominated by mag-
netic inhomogeneity. Also the spectra in the paramagnetic
phase near TN is much broader than the Gaussian used for
convolution, indicating enhanced effects of disorder near TN .
We have also examined how the line shape is influenced by
the incomplete interchain ordering. Compared with the case
of 7Li spectra, however, interchain randomness does not in-
fluence the 51V spectra strongly.
3.4 Transition between the helical and SDW states
Figure 5 shows the variation of 7Li NMR spectra across the
transition between the helical and SDW states. By comparing
these NMR spectra with the ones at 4 T and 10 T, we can con-
clude that the ground state has a helical order below 6.2 T and
the SDW order above 6.6 T. The line shape changes rapidly
between 6.2 T and 6.6 T. The sharp magnetic transition is
consistent with that observed in the magnetization curve at
1.3 K.26) In a narrow field range of 6.4 - 6.5 T, the NMR spec-
tra indicate coexistence of two phases, while no clear hys-
teresis with respect to the magnetic field was observed. These
results indicate that the magnetic transition between the heli-
cal and the SDW phases is weakly first-order, as is generally
expected from distinct symmetries of the two phases. In the
previous neutron diffraction experiments, coexistence of the
Bragg peaks from two phases was observed at much higher
field of 7.8 T25) and in a wider field range 8.5 - 9 T.24) The
sample dependence in the transition behavior may be related
to the amount of disorder such as Li-deficiency.
4. Spin lattice relaxation rate 1/T1
In this section, we present the results of nuclear spin-lattice
relaxation rate 1/T1 at both 7Li and 51V nuclei and quanti-
tatively discuss the anisotropic spin fluctuations. A general
formula of 1/T1 is given as
1
T1
=
γ2N
2
∫
dteiωt〈{H+hf(t), H−hf(0)}〉, (28)
where ω is the NMR frequency, 〈〉 indicates the thermal aver-
age, and {A, B} ≡ (AB+BA)/2. The transverse components of
hyperfine field is defined as
H±hf ≡ Hhf,µ ± iHhf,ν, (29)
where µ and ν denote the two orthogonal directions perpen-
dicular to the magnetic field. By substituting Eq. (14) repre-
senting the hyperfine field in terms of the Fourier components
of spins into Eq, (28), 1/T1 for the field along the ξ-direction,
(1/T1)ξ (ξ = a, b, c), can be written as
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Fig. 5. Field dependencies of 7Li NMR spectra for H ‖ c in 1.3 K. No
hysteresis was observed with respect to the magnetic field.
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Fig. 6. (Color Online) Temperature dependences of 1/T1 for 7Li nuclei (a-c) and 51V nuclei (d-f). The solid circles show 1/T1 measured in a magnetic field
of 4 T, where a helical spin order appears below TN , and the solid squares show the data at 10 T, where SDW phase appears below TN . The arrows indicate
the transition temperature TN determined from the broadening of the NMR spectrum. The insets show the temperature dependence of the stretch exponent β,
which provides a measure of the inhomogeneous distribution of 1/T1.
(
1
T1
)
a
=
γ2N
2N
∑
q
[ {
|A(q)bb|2 + |A(q)bc|2
}
g2bbS bb(q, ω)
+
{
|A(q)bc|2 + |A(q)cc|2
}
g2ccS cc(q, ω)
+
{
|A(q)ab|2 + |A(q)ac|2
}
g2aaS aa(q, ω)
]
(
1
T1
)
b
=
γ2N
2N
∑
q
[ {
|A(q)cc|2 + |A(q)ac|2
}
g2ccS cc(q, ω)
+
{
|A(q)ac|2 + |A(q)aa|2
}
g2aaS aa(q, ω)
+
{
|A(q)ab|2 + |A(q)bc|2
}
g2bbS bb(q, ω)
]
(
1
T1
)
c
=
γ2N
2N
∑
q
[ {
|A(q)aa|2 + |A(q)ab|2
}
g2aaS aa(q, ω)
+
{
|A(q)ab|2 + |A(q)bb|2
}
g2bbS bb(q, ω)
+
{
|A(q)ac|2 + |A(q)bc|2
}
g2ccS cc(q, ω)
]
,
(30)
where the dynamical spin correlation function S µν(q, ω) is de-
fined as
S µν(q, ω) ≡
∫ ∞
−∞
dteiωt〈{S (q)µ(t), S (−q)µ(0)}〉, (31)
and the following relation ensured by the crystal symmetry is
used,
〈{S (q)µ(t), S (q′)ν(0)}〉 = 〈{S (q)µ(t), S (−q)µ(0)}〉δq−q′δµν.
(32)
The relaxation rate 1/T1 of 7Li nuclei and 51V nuclei is
plotted against temperature in Fig. 6(a-c) and (d-f), respec-
tively. As a general trend, 1/T1 shows a peak near TN due to
slowing down of the spin fluctuations towards the spin order.
Here the ordering temperature TN is determined from the vari-
ation of the 7Li NMR spectrum at 4 T and of the 51V NMR
spectrum at 10 T. At 10 T, the peak temperature of 1/T1 for
7Li is lower than TN while the peak of 1/T1 coincides with TN
for 51V. The reason is not understood. The temperature depen-
dence of the stretch exponent β is also shown in the inset of
Fig. 6. Recovery curves are fit well to the single exponential
function above TN , while we had to use stretched exponen-
tial function below TN . This is likely to be caused by spatial
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distribution of 1/T1 due to the incommensurate spin ordering
below TN .
The peak of 1/T1 near TN extends over a wide temperature
range. The increase of 1/T1 starts as high as 20 K, which is an
order of magnitude higher than TN . Such a wide temperature
range of short range correlation is often ascribed to 1D fluc-
tuations, which are described in the framework of Tomonaga-
Luttinger (TL) liquid. In fact, theories have predicted power
law temperature dependence for 1/T1 in 1D frustrated chains
with the exponent determined by the TL parameters.16, 17)
However, it is difficult for the data shown in Fig. 6 to find
a wide enough temperature range, over which the power law
behavior can be established. It is likely that the interchain in-
teraction in LiCuVO4 is not sufficiently weak. Hence we do
not attempt to analyze the 1/T1 data in terms of TL liquids.
4.1 1/T1 of 7Li nuclei
Although 1/T1 of 7Li nuclei always shows a peak near
TN , the magnitude of the peak is strongly anisotropic and the
anisotropy changes with magnetic field. At 4 T, where the he-
lical order appears at low temperatures, the peak is most pro-
nounced for H ‖ a. However, the peak is weakest for H ‖ a
at 10 T, where the SDW order is stabilized. In order to un-
derstand such field dependent anisotropy, we present semi-
quantitative analysis of 1/T1.
In the following discussion, we focus on the values of 1/T1
at TN , where the spin fluctuations should be strongly en-
hanced only in a very narrow region in q-space around the or-
dering wave vector Q0. Then the q-dependent hyperfine cou-
pling constants in Eq. (30) can be replaced by their values
at Q0 and taken out of the q-sum. What remains is the aver-
age of the spin correlation function over q, which we denote
〈S (q, ω)〉. It is dominated by the sharp peak of S (q, ω) at Q0.
As indicated in Eq. (21), certain components of the hyper-
fine coupling tensor of 7Li nuclei vanish at Q0 for symmetry
reasons. This selection rule remains valid when the long range
dipolar interaction is taken into account. Hence,
A(Q0) =

0 Aab(Q0) 0
Aba(Q0) 0 Abc(Q0)
0 Acb(Q0) 0
 . (33)
The general expression Eq. (30) can then be simplified for 7Li
nuclei as(
1
T1
)
a
=
γ2N
2
{
Abc(Q0)2 (g2bb + g2cc) 〈S ⊥(q, ω)〉
+ Aab(Q0)2 g2aa 〈S ‖(q, ω)〉
}
(
1
T1
)
b
=
γ2N
2
(
Abc(Q0)2 + Aab(Q0)2) g2bb 〈S ‖(q, ω)〉
(
1
T1
)
c
=
γ2N
2
{
Aab(Q0)2 (g2aa + g2bb) 〈S ⊥(q, ω)〉
+ Abc(Q0)2 g2cc 〈S ‖(q, ω)〉
}
.
(34)
Here 〈S ⊥(q, ω)〉 and 〈S ‖(q, ω)〉 stand for the transverse and
longitudinal spin correlation functions with respect to the
field. For the case of H ‖ a, for example, 〈S ⊥(q, ω)〉 =
〈S bb(q, ω)〉 = 〈S cc(q, ω)〉 and 〈S ‖(q, ω)〉 = 〈S aa(q, ω)〉. Since
anisotropic response of a spin 1/2 Heisenberg system such as
LiCuVO4 is supposed to be caused solely by external mag-
netic field, 〈S ⊥(q, ω)〉 and 〈S ‖(q, ω)〉 should not depend on the
field direction except for minor effects due to anisotropy of the
g-value. We assume this in the following, i.e. 〈S aa(q, ω)〉 and
〈S bb(Q0, ω)〉 = 〈S cc(q, ω)〉 for H ‖ a are equal to 〈S bb(q, ω)〉
and 〈S cc(q, ω)〉 = 〈S aa(q, ω)〉 for H ‖ b, respectively, and also
equal to 〈S cc(q, ω)〉 and 〈S aa(q, ω)〉 = 〈S bb(q, ω)〉 for H ‖ c.
Then the relaxation rate for different field directions can be
expressed in a unified way,(
1
T1
)
ξ
= Γ⊥ξ 〈S ⊥(q, ω)〉 + Γ‖ξ〈S ‖(q, ω)〉 (ξ = a, b, c), (35)
where the definitions of the coefficients Γ⊥
ξ
and Γ‖
ξ
are obvious
by comparing Eqs. (34) and (35).
The values of Γ⊥
ξ
and Γ‖
ξ
for 7Li nuclei for the field of 4
and 10 T are listed in the upper part of Table III. They are
calculated as follows. First, since the hyperfine field at 7Li
nuclei is solely due to the dipolar interaction, the values of
the tensor components Aµν in Eq. (33) can be calculated by
lattice sum within a sphere with the radius of 60 Å from a
7Li nucleus. The ordering wave vector Q0 in the helical phase
does not change with field, therefore, we can use the zero field
value Q0 = 2pi(1, 0.468, 0) at 4 T for all field directions. In the
SDW phase, the incommensurate wave vector along the chain
is related to the magnetization by qb = pi(1/2 − 〈S z〉), as was
confirmed by the neutron diffraction experiments.24, 25) Then
we can determine Q0 at 10 T from the magnetization data as
Q0 = 2pi(1, 0.442, 0) (H ‖ a and b) and Q0 = 2pi(1, 0.435, 0)
(H ‖ c). The diagonal components of g-tensor were deter-
mined by the electronic spin resonance measurements30) as
gaa = 2.070, gbb = 2.095 and gcc = 2.313.
The experimental data of 1/T1 of 7Li nuclei at TN are also
listed in Table III. The anisotropy of 1/T1 of 7Li changes dras-
tically with magnetic field. At 4 T it is by far the largest for
H ‖ a and nearly an order of magnitude smaller for other di-
rections. This anisotropy agrees largely with the anisotropy
of Γ⊥ but not with Γ‖. This indicates that 〈S ⊥(q, ω)〉 ≫
〈S ‖(q, ω)〉, i.e. the transverse fluctuations are dominant at 4 T.
The anisotropy becomes opposite at 10 T; 1/T1 gets smallest
for H ‖ a. This agrees with the anisotropy of Γ‖, indicating
that the longitudinal fluctuations become dominant. Since the
transverse helical order and the longitudinal SDW order are
stabilized at low temperatures at 4 T and 10 T, respectively,
these results are indeed quite natural because fluctuations of
the order parameter should be dominant near TN .
Let us now evaluate the field dependence of the spin cor-
relation function more quantitatively. For this purpose, the
results for H ‖ b deserve particular attention since Γ⊥b = 0
and only the longitudinal fluctuations contribute to 1/T1 at 7Li
sites. The temperature dependence of 1/T1 for H ‖ b (Fig. 6b)
shows a clear peak near TN . This indicates that the longitudi-
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nal spin fluctuations grow with decreasing temperature even
at 4 T, where the transverse helical order is eventually stabi-
lized. The peak in 1/T1 increases only slightly when the field
is increased from 4 to 10 T, indicating, rather unexpectedly,
that the longitudinal fluctuations are not enhanced much at
10 T even though they do correspond to the order parameter
at low temperatures. Since (1/T1)b = Γ‖b〈S ‖(q, ω)〉 for H ‖ b
we can immediately evaluate 〈S ‖(q, ω)〉 from the experimen-
tal data of (1/T1)b, which is plotted in Fig. 7 by the open cir-
cles.
We should remark that our analysis is based on somewhat
oversimplified assumptions. In particular, spin correlation is
assumed to have very sharp peak at Q0. Although we expect
the peak to be sharp along the chain (b-direction), this may
not be so along the c-direction. In fact, the analysis of the 7Li
NMR spectrum at 10 T indicates that antiferromagnetic cor-
relation between two nearest neighbor chains are only about
60 %. Therefore, we expect that our analysis of 1/T1 has at
most semi-quantitative validity.
4.2 1/T1 of 51V nuclei
The temperature dependence of 1/T1 of 51V nuclei shows
most spectacular change of behavior with magnetic field for
H ‖ a as shown in Fig. 6(d). At 4 T, (1/T1)a exhibits strong
enhancement with decreasing temperature over a wide tem-
perature range above TN followed by a pronounced peak near
TN . At 10 T, on the other hand, it keeps decreasing with de-
creasing temperature starting far above TN and no peak nor
anomaly can be detected near TN . In fact, the data at 10 T
can be fitted to an exponential temperature dependence with
the activation energy of 1.8 K, suggesting an energy gap in
the spin excitation spectrum. For other field directions, 1/T1
shows a peak near TN at 10 T, although it is much weaker than
the peak at 4 T. In order to understand such behavior, we per-
form similar semi-quantitative analysis as was done for 7Li
nuclei.
For 51V nuclei, the transferred hyperfine field from nearest
neighbor spins is an order of magnitude larger than the dipo-
lar field from further neighbors. Therefore, it is sufficient for
quantitative analysis of 1/T1 to consider the hyperfine cou-
pling to the four nearest neighbor spins. Following the same
approximation as was assumed for the analysis of 7Li results,
the hyperfine coupling tensor at Q0 is given by
A(Q0) =

Aaa(Q0) 0 0
0 Abb(Q0) Abc(Q0)
0 Acb(Q0) Acc(Q0)
 , (36)
and 1/T1 is given as(
1
T1
)
a
=
γ2N
2
{
Abb(Q0)2g2bb + Acc(Q0)2g2cc
+ Abc(Q0)2(g2bb + g2cc)
} 〈S ⊥(q, ω)〉(
1
T1
)
b
=
γ2N
2
{(
Acc(Q0)2g2cc + Aaa(Q0)2g2aa
) 〈S ⊥(q, ω)〉
+ Abc(Q0)2g2bb 〈S ‖(q, ω)〉
}
(
1
T1
)
c
=
γ2N
2
{(
Aaa(Q0)2g2aa + Abb(Q0)2g2bb
) 〈S ⊥(q, ω)〉
+ Abc(Q0)2g2cc 〈S ‖(q, ω)〉
}
,
(37)
which can be expressed in the same formula of Eq. (35) as in
the case of 7Li nuclei.
The values of the coefficients Γ⊥
ξ
and Γ‖
ξ
for 51V nuclei are
listed in the lower part of Table III together with the exper-
imental data of 1/T1 at TN . To evaluate Γ⊥ξ and Γ
‖
ξ
, we used
the values of the diagonal components of the hyperfine cou-
pling tensor determined from the K − χ plot as well as the
off-diagonal component A(1)bc = 0.12 T/µB determined from
the fitting of the 51V NMR spectrum in the helical state. The
experimental results of 1/T1 show distinct anisotropy for dif-
ferent magnetic field. At 4 T it is by far the largest for H ‖ a
consistent with the anisotropy of Γ⊥. However, at 10 T, it is
smallest for H ‖ a in agreement with the anisotropy of Γ‖.
These observations go parallel with the results on 7Li nuclei
and indicate crossover of the dominant spin fluctuations from
transverse to longitudinal modes as the ground state changes
from helical to SDW states with magnetic field.
We notice from Eq. (37) that only the transverse spin fluc-
tuations contribute to 1/T1 at 51V site for H ‖ a. Therefore,
the results in Fig. 6(d) demonstrate remarkably contrasting
behavior of low frequency transverse spin dynamics. In par-
ticular, the activated temperature dependence of 1/T1 at 10 T
provides a direct evidence for an energy gap in the transverse
spin excitation spectrum. This is consistent with the theoreti-
cal prediction that bound magnon pairs are formed in the field
range where the SDW correlation becomes dominant over the
helical correlation.13–15) From the experimental data of 1/T1
for H ‖ a we can evaluate 〈S ⊥(q, ω)〉 at TN as plotted in Fig. 7
by the solid circles. Again this demonstrates strong suppres-
sion of the transverse spin fluctuations as the field increases
across the boundary between the helical and SDW phases.
4.3 Field dependence of anisotropic spin fluctuations
Based on the symmetry properties of hyperfine interac-
tion at 7Li and 51V nuclei we have succeeded to separately
determine the transverse and longitudinal spin fluctuations,
〈S ⊥(q, ω)〉 and 〈S ‖(q, ω)〉, using the experimental data of
1/T1 as shown in Fig. 7. At 4 T 〈S ⊥(q, ω)〉 is much larger than
〈S ‖(q, ω)〉, while opposite result 〈S ‖(q, ω)〉 ≫ 〈S ⊥(q, ω)〉 is
obtained at 10 T. This change of the behavior is naturally un-
derstood if one consider the magnetic ordering in the ground
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Table III. Coefficients for the contributions from transverse (Γ⊥
ξ
) and lon-
gitudinal (Γ‖
ξ
) spin fluctuations to 1/T1. Also the experimental values of
the spin-relaxation rate ((1/T1)exp,ξ) are compared with the calculated val-
ues ((1/T1)cal,ξ) as described in the text. At 4 T (10 T), the anisotropy of
(1/T1)exp is largely in agreement with the anisotropy of Γ⊥ (Γ‖) as indicated
by the numbers in bold face.
7Li
ξ Γ⊥
ξ
Γ
‖
ξ
(1/T1)exp,ξ (1/T1)cal,ξ
(1012s−2) (1012s−2) (s−1) (s−1)
4 T
a 805.3 79.43 897 1242
b 0 444.3 145 -
c 160.8 442.4 147 387.5
10 T
a 778.8 73.88 60.2 58.53
b 0 426.8 173 -
c 148.6 422.1 175 176.8
51V
ξ Γ⊥
ξ
Γ
‖
ξ
(1/T1)exp,ξ (1/T1)cal,ξ
(1012s−2) (1012s−2) (s−1) (s−1)
4 T
a 7074 0 10680 -
b 3263 1126 2039 5294
c 3959 1372 3317 6425
10 T
a 7187 0 264 -
b 3503 1025 527 544.2
c 4327 1216 524 652.1
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Fig. 7. (Color Online) Field dependences of 〈S⊥(q, ω)〉 and 〈S ‖(q, ω)〉 at
TN . A straight bold line at 6.5 T describes the first-order phase transition
between the helical phase and the SDW phase.
states. The helical and SDW states appear at 4 T and 10 T,
respectively, and fluctuations of the order parameter are ex-
pected to be dominant near TN , consistent with the observa-
tion.
What is remarkable though is the pronounced asymmetry in
the field dependence of 〈S ⊥(q, ω)〉 and 〈S ‖(q, ω)〉. The longi-
tudinal fluctuation 〈S ‖(q, ω)〉 is enhanced only slightly when
the ground state changes from helical to SDW states. On the
other hand, the transverse fluctuation 〈S ⊥(q, ω)〉 is suppressed
very strongly (by a factor of 40) when the field is increased
form 4 to 10 T. Thus we conclude that the transition from
the helical to the SDW phase is driven by the suppression of
the transverse spin correlation, not by the enhancement of the
longitudinal correlation.
This conclusion is further reinforced by examining the tem-
perature dependence of 〈S ‖(q, ω)〉 and 〈S ⊥(q, ω)〉, which are
best represented by 1/T1 at 7Li sites for H ‖ b (Fig. 6b) and
1/T1 at 51V sites for H ‖ a (Fig. 6d), respectively. Figure 6(b)
shows that the magnitude and the temperature dependence of
〈S ‖(q, ω)〉 in the paramagnetic state is nearly unchanged at 4
and 10 T. It show a clear peak near TN at both fields, indi-
cating growth of longitudinal spin correlation at low temper-
atures. This correlation does not lead to a long range SDW
order at 4 T because it is overcome by stronger transverse
correlation, which drives the helical order. On the other hand,
〈S ⊥(q, ω)〉 shown in Fig. 6(d) shows remarkably contrasting
behavior at 4 and 10 T. While it shows a strong divergence
towards TN consistent with the long range helical order, it is
strongly suppressed at low temperatures at 10 T with an acti-
vated temperature dependence 1/T1 ∝ exp(−∆/kBT ) with the
gap ∆ = 1.8 K. Such behavior is consistent with theoretical
studies on the quasi 1D frustrated chains.13–15) The theories
show that the transverse fluctuations are the dominant low en-
ergy excitations at low fields, where the long-range order of
the vector-chirality occurs. At high fields, on the other hand,
they are expected to develop an energy gap due to formation
of the bound magnon pairs. This leads to the activated tem-
perature dependence of 1/T1 as predicted by Sato et al.17)
Our results demonstrate that such behavior predicted by the
theories are actually observed in LiCuVO4.
By using Eq. (35) and the estimated values of 〈S ⊥(q, ω)〉
and 〈S ‖(q, ω)〉, we can calculate 1/T1 at 4 and 10 T for
all field directions. The calculated values are listed in Table
III as (1/T1)cal and compared with the experimental results
(1/T1)exp. The agreement is excellent for the data at 10 T. Al-
though quantitative agreement is not as good at 4 T, the cal-
culated values (1/T1)cal capture correctly the the anisotropy
of (1/T1)exp. We think the results are satisfactory, consider-
ing the crudeness of the assumption involved. In particular,
the crystalline anisotropy, i.e. dependence of 〈S ⊥(q, ω)〉 and
〈S ‖(q, ω)〉 on the direction of magnetic field, may not be neg-
ligible at low fields near the spin flop transition and could be
significant near TN , where 〈S ⊥(q, ω)〉 and 〈S ‖(q, ω)〉 change
very steeply with temperature.
5. Conclusion
We have measured NMR spectra and 1/T1 at the 7Li and
51V nuclei in the quasi 1D frustrated magnet LiCuVO4. Anal-
ysis of NMR spectra based on the symmetry properties of the
hyperfine interactions leads us to conclude that a helically
ordered phase appears in the magnetic field of 4 T and that
a SDW phase with longitudinal modulation appears in the
magnetic field of 10 T. Results of 1/T1 in the paramagnetic
phase near TN indicate that dominant low energy spin excita-
tions change with magnetic field. The transverse fluctuations
are dominant at 4 T corresponding to the helical order in the
ground state. However, they are suppressed at 10 T due to de-
velopment of an energy gap and overcome by the longitudi-
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nal fluctuations that lead to the SDW order. These results are
consistent with the theoretical prediction for the 1D frustrated
chains.
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